Abstract: In this paper, we report a novel fiber-optic Fabry-Perot interferometric (FFPI) temperature sensor based on the difference of thermal expansion coefficient between fused silica and metallic materials. The sensor head is made by a single-mode fiber (SMF). A gold film and a nickel film are sputtered and electroplated on the surface of the SMF. Then, a microcavity is micromachined by focused ion beam (FIB) milling. Because the thermal expansion coefficient of nickel is about 20 times of fused silica, the different thermal expansions force the sensor head to bend when the temperature is high or low. Its temperature sensitivity is over 14 pm= C in a wide range from À79 C to þ70 C. And the coefficient of determination R 2 is excellent (over 0.995). Moreover, the metallic cylinder can reinforce the cavity spot of the fiber sensor, so that this kind of sensor can work in harsh environments. For the first time to the best of our knowledge, we report this type of FFPI temperature sensor based on difference of thermal expansion coefficient between fused silica and metallic materials.
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Introduction
Optical fiber sensors have been widely used over the last decade due to their distinct advantages such as compact, low cost, remote sensing capability, and immunity to electromagnetic interference [1] - [3] . Especially, Fabry-Perot interferometric (FFPI) sensors have attracted much attention because of their high sensitivity, high resolution, and high accuracy over conventional optical fiber sensors [4] , [5] . Latest types of FFPI sensors comprise a structure based on interference in the different waveguide structures (e.g., multimode fiber or microstructured fiber) between two singlemode fibers (SMFs) [6] - [8] , a structure based on fusion splicing several different fibers in series [9] , [10] , and a Fabry-Perot (F-P) cavity micromachining in an optical fiber [11] - [13] , respectively. These sensors have shown high sensitivity for a wide variety of measurements, such as temperature, pressure, strain and refractive index. However, some problems remain for practical applications.
For example, for the type of the splicing of different fibers, reproducibility is difficult because of manual assembly, and the calibration of each individual sensor is required after fabrication. For the type of the micromachining on the fiber, the mechanical strength is considerably less than that of a typical optical fiber owing to its F-P cavity as a gash. Consequently, good robustness and stability of the sensors are limited in harsh environment. It is very important to find an easier and cheaper method that can solve these problems.
In this paper, we report a novel FFPI temperature sensor based on difference of thermal expansion coefficient between fused silica and metallic materials. It has the advantages of high sensitivity, high robustness, easy fabrication, and low cost. Heretofore, a number of optical fiber temperature sensors have been proposed and demonstrated. However, the thermal expansion coefficient of pure silica is only 4:1 Â 10 À7 = C at 20 C [14] . The conventional FFPI sensors based on the F-P cavity are less sensitive to temperature ð$1 pm= CÞ [11] , [12] . On the other hand, the bimetallic strip based structure can convert a temperature change into mechanical displacement. Based on this principle, the bimetallic strip has been widely used in high-sensitivity temperature measurements for some time [15] - [17] . However, bigger size, relatively slower response speed, mismatch between different fibers, and difficulty in precise control of the cavity length are limiting their application. In this paper, the high sensitivity of temperature measurement based on the significantly dissimilar coefficients of thermal expansion between fused silica and metallic materials, and the small sensor head based on the micromachining process are well combined. As shown in Fig. 1 , a microcavity of the sensor head is directly micromachined on a metals-coating SMF by focused ion beam (FIB) milling. The thermal expansion coefficients of gold (Au) and nickel (Ni) are about 20 times of pure silica at room temperature [18] . Here, the silica layer of F-P cavity is used as a substitute for an alloy with smaller coefficient of thermal expansion. Same as the bimetal structures, when the sensor head is heated, the metals heat up and expand faster than silica, which causes the sensor head to bend. To our knowledge, this is the first time that FFPI temperature sensor based on difference of thermal expansion coefficient has been reported. In addition, this metallic cylinder structure can reinforce the cavity place of the fiber sensor, and therefore, this kind of sensor can work in harsh environments.
Moreover, various types of microcavity devices that use femtosecond laser micromachining have been reported in recent years [11] , [19] . They can be mass-produced and easily fabricated, offering great potential for wide sensing applications. However, various practical issues of the process such as reliability, stability, and lifetime effects are still under investigation. On the other hand, FIB milling is recognized as one of the most indispensable microfabrication technologies [13] , [19] - [21] . In this paper, we describe and investigate a high sensitivity F-P temperature sensor based on a unique geometry design. Considering the sputtering action of the ion beam, the FIB 
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Fiber-Optic Temperature Sensor milling can be used to locally remove and mill away materials. We choose to fabricate the sensor head by mature FIB milling technology. Nevertheless, femtosecond laser micromachining technique should still be further developed for a practical device to ensure mass-production and low cost in the next study.
Experiment

Design of FFPI Sensor
The design of the FFPI temperature sensor is shown in Fig. 1 (b). It is made by a SMF-28e from Corning, the diameter of the silica cladding is 125 m and the diameter of the core is 8.2 m. For highly sensitive temperature measurement, an F-P cavity on the order of hundreds of micrometers is micromachined on the metals-coating SMF. Here, an Au film is sputtered on the surface of the SMF, and a Ni film is electroplated on the Au film. Finally, a microcavity ð200 Â 40 Â 100 m 3 Þ is micromachined by FIB milling. This structure can be regarded as a bimetallic strip composed of two elements. Fig. 2 shows the thermal expansion coefficients of pure silica, Au, and Ni based on experimental results of [14] , [18] . The metals have thermal expansion coefficients 20 times above pure silica in a wide range from À200 C to þ1000 C. As shown in Fig. 3 , which shows an example of the three walls of the cavity, the different expansions force the flat structure to bend due to the change of temperature. Therefore, the difference in thermal expansion between silica and metals (mainly Ni) leads to a much larger deformation of the microcavity structure. At present, the numerical analysis about the 3-D deformation is very difficult; therefore, we generally estimate the shape change by the experimental data. In this paper, the thickness of Ni is electroplated more than 10 m, and the temperature of the electroplating bath is 70 C [22] . Therefore, it is estimated that the microcavity has a maximum length at 70 C. The different thermal expansions force the flat structure to bend when the temperature is lower than 70 C.
Numerical Analysis of FFPI Sensor
As shown in Fig. 1(b) , the sensor head has three reflective surfaces. The reflection coefficients of mirrors are R 1 , R 2 , and R 3 , respectively. In addition, the normalized total reflective intensity I Rtotal ðÞ 
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Fiber-Optic Temperature Sensor can be obtained as follows:
where
Here, E 0 and E r are the input field and reflective field. 1 and 2 are the transmission loss factors at mirrors 1 and 2. n air and n smf are the refractive indexes of air and the core refractive index of SMF. È 1 and È 2 are the round-trip propagation phase shifts. l 1 is the length between the mirrors 1 and 2, l 2 is the length between the mirrors 2 and 3. C is the linear thermal expansion coefficient of silica. is the coefficient of the F-P cavity length change. t 0 and t is the initial temperature and measurement temperature, respectively. The normal incidence reflection is given by the Fresnel law
Here, the reflectance between silica ðn smf ¼ 1:5Þ and air ðn air ¼ 1:0Þ is 0.04 at the numerical calculation. In actual machining, the reflection coefficients are far less than the calculated value. The light reflection coefficients at mirrors 1 and 2 are determined by the fabrication process of F-P cavity using FIB milling. In order to investigate how the fabrication parameters affect the interference pattern, reflection coefficient is set to 0.003 in agreement with [23] . Moreover, 1 and 2 are estimated to be 0.9 due to the surface imperfections of mirrors and light beam divergence from the 200-m-long cavity. Therefore, the reflected lights from the mirrors 2, 3 to reach the power sensor will be very weak. In this paper, an Au sputtering process is applied to fabricate a vertical micromirror at one end surface of SMF as mirror 3. This type of Au mirror has a maximum reflection coefficient at 0.97 in the near-infrared region (NIR) [24] . Therefore, it is found that the interference spectrum of such a sensor head is mainly based on a 1.2-mm-long F-P interferometric cavity between the mirrors 1 and 3. Fig. 4 shows the interference spectrum of the calculated results, where R 1 ¼ R 2 ¼ 0:003, and R 3 ¼ 0:8. Here, the red line shows the interference spectrum with a 1.2-mm-long F-P interferometric cavity based on fiducial temperature. The blue line shows the interference spectrum based on the F-P cavity length changed with a decrease of 100 C. The linear thermal expansion coefficient of silica C is set at 0:5 Â 10 À6 = C. Results obviously show that the changes of the F-P cavity length can induce the optical phase shift, which means the sensor can measure temperature variations. However, due to lower thermal expansion coefficient of silica, the temperature sensitivity is only 0.78 pm= C. The green line shows the interference spectrum of the proposed sensor based on the F-P cavity length changed with a decrease of 100 C. Here, C is set to be 0:5 Â 10 À6 = C, and is set to be 1:8 Â 10 À4 = C. The temperature sensitivity of sensor reached 12.8 pm= C.
Fabrication of FFPI Sensor
In this paper, a microcavity is opened at the lateral face of the metals-coating SMF by FIB milling, achieving the highly sensitive temperature sensor. The fabrication process of sensor head is shown as follows: 1) Remove the coating of SMF. 2) Cut the SMF to obtain a flat surface by a fiber cutter. 3) Wash SMF using ethanol followed by air blowing. 4) Sputter the Au metal film (200 nm). 5) Electroplate the Ni metal film (10 m). 6) Micromachine a microcavity by FIB milling. The micrograph of a sensor head is shown in Fig. 5 . Here, an image of 125 m SMF is shown in the upper part. The diameter of metals-coating SMF is measured to be about 145 m. Sputtered Au metal film is only 200-nm-thick, and the Ni metal film is about 10-m-thick. A microcavity with an area of 200 Â 40 m 2 is micromachined at 1 mm to the end of the fiber by FIB milling. The approximate depth is 100 m, passing the core of the SMF.
Results
The experimental system is shown in Fig. 1(a) , containing a fiber circulator, a power sensor (Agilent 81634B), and a F-P tunable laser (Agilent 81600B #201) that is continuously swept from 1540 to 1600 nm at an interval of 1 pm wavelength. A sensor head is planted into the temperaturecontrolled chamber with a temperature ranging from À20 C to þ120 C, owing a resolution of 0.1 C. The continuous-wave laser light is injected into a sensor head through a fiber circulator, which is connected to the sensor head. The reflected lights from mirrors once again pass through the fiber circulator and are received by a power sensor.
First, the reflection characteristic of the Au metal film is evaluated before FIB milling process. As shown in Fig. 6 , the reflectance (Orange line) is measured from 1540 to 1600 nm, changing from 0.8 to 0.85. In addition, after the Ni plating process, the reflectance (Aqua line) hardly changes. Therefore, this technology can be utilized to make a high-reflection mirror 3. Then, the spectrum of the proposed FFPI temperature sensor is measured. As can be seen from the black line, we can measure temperature variations by the visibility of the interference fringes. The aforementioned experiments are performed in a temperature stabilized environment at 25 C. From Fig. 6 , the interferometric fringes are enough for sensing applications, but the fringe visibility is relatively low and the width of the interference peaks is somewhat wide. Due to the rugged surfaces of the F-P cavity caused by Ga atoms from FIB are deposited and penetrated in the surface of F-P cavity, resulting in relatively strong light scattering. We are currently working on the improvement in the surface quality of the cavity by optimizing the FIB milling parameters and adding a post processing using the etching technique. Furthermore, the low-frequency modulation caused between mirrors 1 and 2 is observed in Fig. 6 . In practical application, its removal is necessary.
Second, the temperature of the chamber is increased with step-ups of 10 C from À20 C to þ70 C. The temperature response of FFPI temperature sensor is shown in Fig. 7(a) -(c). About six interference peaks are observed in wavelength range from 1550 to 1554 nm. In this study, the lower limitation was determined by the experimental conditions. Currently, we can not precisely create the experimental environment below À79 C. Here, the sensor head is cooled by dry ice. At atmospheric pressure, sublimation of dry ice starts at À79
C, that the low-temperature sensitivity of the proposed sensor can be evaluated. The interference peaks are observed in wavelength ranging from 1548 to 1552 nm as shown in Fig. 7(d) . Here, the low reflectance with À44 to À46 dB is observed. This phenomenon results from the misalignment of optical axis of the SMF caused by the deformation of the microcavity.
The center point of peak shifts with respect to the changes in sensor head temperature is shown in Fig. 7(e) . The temperature sensitivity is over 14 pm= C, showing the excellent linearity with the coefficients of determination R 2 over 0.995. This result is about 20 times larger than temperature sensitivity form numerical analysis based on pure silica. As shown in Fig. 8(a) and (b) , the interference peaks in experimental results are in good agreement with the numerical analysis. Although numerical analyses have a few errors as they are calculated based on the 2-D structures, this method of numerical analysis is essential and feasible to resolve parameter of the design. Third, the temperature of chamber is increased with an interval of 10 C from þ70 C to þ120 C. The wavelength interference is shown in Fig. 9(a) . In addition, the center point of peak shifting with respect to the changes in ambient temperature is shown in Fig. 9(b) . We find that the wavelength interferometric signal is almost unchanged during over 70 C. We estimate that the microcavity structure has a maximum length at 70 $ 80 C, because Ni metal layer is electroplated at 70 C. The different thermal expansions force the flat structure of microcavity to bend when the temperature is lower than 70 C. However, for the same reason, the flat structure of microcavity is to bend when the temperature is higher than 70 C. Therefore, the length of the F-P cavity shortens as the temperature rises. Such change of microcavity is reversed by extending the sensor head by thermal expansion. Therefore, fabricated FFPI temperature sensor is designed on temperature measurement in the range of À79 C to þ70 C. They cannot be used to measure higher temperature than our initial design. To resolve this issue, a method of proper annealing treatment is considered. Before FIB milling, the metals-coating SMF is repeatedly annealed at a hightemperature [6] . This process can cause the microcavity change to flat structure at hightemperature. More detailed studies of annealing treatment are in progress. 
Conclusion
In this paper, a highly sensitive, compact, and robust FFPI temperature sensor is designed, fabricated, and demonstrated. Many researchers have reported micromachining microcavities in SMF to form FFPI for sensing by this method. However, these sensors exhibited low temperature sensitivity because the thermal expansion coefficient of pure silica is very low. The FFPI temperature sensors based on the simple silica optical fibers are less sensitive. Based on the dissimilar coefficients of thermal expansion between fused silica and metallic materials, temperature sensitivity of the proposed FFPI sensor is more than 14 pm= C with good linearity. Moreover, the weak interferometric signal in FFPI temperature sensor is solved by using a highreflection mirror that enhances the signal magnitude, offering the possibility for very long distance remote measurement. In addition, the metallic cylinder with 10 m thickness can reinforce the cavity place of the fiber sensor, and therefore, it is very suitable in harsh environments. This novel type of sensor can offer a number of advantages such as high sensitivity, small size, low cost, massproduction, and good reproducibility. It is anticipated that the developed sensor can play an important role in future applications.
